Alveolar epithelial type II (AEII) cells are "professional" secretory cells that synthesize and secrete massive quantities of proteins to produce pulmonary surfactant and maintain airway immune defenses. To facilitate this high level of protein synthesis, AEII cells are equipped with an elaborate endoplasmic reticulum (ER) structure and possess an abundance of the machinery needed to fold, assemble, and secrete proteins. However, conditions that suddenly increase the quantity of new proteins entering the ER or that impede the capacity of the ER to fold proteins can cause misfolded or unfolded proteins to accumulate in the ER lumen, also called ER stress. To minimize this stress, AEII cells adapt by (1) reducing the quantity of proteins entering the ER, (2) increasing the amount of protein-folding machinery, and (3) removing misfolded proteins when they accumulate. Although these adaptive responses, aptly named the unfolded protein response, are usually effective in reducing ER stress, chronic aggregation of misfolded proteins is recognized as a hallmark feature of AEII cells in patients with idiopathic pulmonary fibrosis (IPF). Although mutations in surfactant proteins are linked to the development of ER stress in some rare IPF cases, the mechanisms causing protein misfolding in most cases are unknown. In this article, we review the mechanisms regulating ER proteostasis and highlight specific aspects of protein folding and the unfolded protein response that are most vulnerable to failure. Then, we postulate mechanisms other than genetic mutations that might contribute to protein aggregation in the alveolar epithelium of IPF lung.
Alveolar epithelial type II (AEII) cells are arguably the most complex and metabolically active cells in the lung, in large part because of their need to continuously produce pulmonary surfactant. Consistent with having a high basal metabolic rate, it is estimated that a significant minority (nearly 50%) of all mitochondria contained in the lung reside within AEII cells (1) (2) (3) . Like other professional secretory cells that synthesize large amounts of proteins (e.g., plasma cells, hepatocytes, or pancreatic exocrine cells), AEII cells are estimated to secrete anywhere from several hundred to tens of thousands of proteins per second (4, 5) . This astonishing feat is achieved not only by having an elaborate endoplasmic reticulum (ER) structure that contains an abundance of protein-folding machinery but also by maintaining a sophisticated system to recognize and discard misfolded proteins when they accumulate. Although ER proteostasis is usually maintained in AEII cells despite wide fluctuations in the amount of incoming proteins, toxic levels of misfolded proteins have been shown to accumulate in the lungs of patients with idiopathic pulmonary fibrosis (IPF) (6) (7) (8) (9) . Because abnormal protein accumulation is thought to contribute to functional decline in AEII cells in IPF, it is largely assumed that elucidating the mechanisms by which ER stress develops will ultimately lead to new therapies for this disease. In this article, our objectives are to review the mechanisms regulating ER proteostasis and then discuss why functional decline in AEII cells in IPF, specifically the activities of their mitochondria, might play an important role in compromising protein folding and activation of the unfolded protein response (UPR).
Protein Folding Is Error-Prone and Energy Consuming factors, including the maintenance of a uniquely oxidizing and calcium-rich environment and the activities of numerous enzymes, such as those required for the formation of disulfide bonds and arranging proteins in their proper cis-trans configuration (Table 1) (10) (11) (12) (13) (14) . Although the native structure of any protein is ultimately dictated by its amino acid composition, it is also appreciated that many properly translated proteins never reach their native configuration. In fact, it is estimated that in the average cell 30% of all proteins produced in the ER are misfolded under homeostatic conditions (14) , implying that even greater rates of protein misfolding might occur when cells are either injured or under stressed conditions. This elevated level of basal protein misfolding is attributable largely to nonspecific hydrophobic interactions that occur between different regions of the same protein or as a result of interactions between neighboring proteins. To minimize these interactions, cells possess high levels of chaperone proteins in their ER lumen, which function to physically block "sticky" regions on unfolded proteins (14) . Chaperone proteins are mostly classified according to their molecular weight (e.g., heat shock protein 40 [HSP40], HSP60, HSP70) and, as a group, are critically involved in virtually all aspects of ER protein homeostasis, including de novo folding, refolding, assembly of multimers, and the trafficking of proteins to the secretory or degradation pathways. Importantly, the activities of chaperone proteins are dependent on the hydrolysis of ATP; thus, they require a constant supply of energy to perform their vital functions. This energy dependence probably explains why ER stress is often observed in cells deprived of essential nutrients or have significant metabolic impairments (12, 15) . Although recent studies suggest that augmenting the expression of chaperone proteins can by itself reduce ER stress in some experimental model systems, it remains to be determined whether this approach would be equally effective in cells that are depleted of energy stores.
ER Quality Control Is Dependent on the UPR
Because abnormal protein accumulation can be toxic to cells, it should be of no surprise that mammalian cells have evolved an elaborate system to monitor the status of protein folding in the ER and eliminate misfolded proteins when they accumulate. Currently, there are three known branches of this monitoring system, also known as the UPR. These three branches are defined by a single transmembrane ER-resident protein and are called (1) inositol-requiring enzyme 1 (IRE1), (2) activating transcription factor 6 (ATF6), and (3) double-stranded RNAactivated protein kinase-like endoplasmic reticulum kinase (PERK) (4, 13, 16, 17) .
The most evolutionarily conserved branch of the UPR is the IRE1 pathway (13, 17) . IRE1 is a transmembrane ER-specific resident protein with an N-terminal domain residing in the ER lumen and a C-terminal domain that extends out into the cytoplasm. The N-terminal domain senses ER stress and then transmits this signal across the ER membrane to activate downstream events that lead to the transcription of many UPR target genes. Although the specifics of IRE1 activation are beyond the scope of this article, the C-terminal effector domain has a protein kinase that acts to phosphorylate itself and other IRE1 molecules. These phosphorylation events convert IRE1 to a high-affinity nucleotide-binding protein, which reveals a sequence-specific endoribonuclease that degrades numerous mRNA transcripts. Although endoribonuclease activity serves to globally reduce the amount of proteins entering the ER lumen, one important target of this enzyme is the X-box binding protein 1 (XBP1) mRNA transcript. IRE1 splices XBP1 in exactly two locations, thereby liberating a central component and allowing a neighboring ligase to rejoin the free 39 and 59 strands. This recombination event results in a shorter XBP1 transcript which codes for a transcription factor that drives the expression of various UPR genes, including many involved in the biosynthesis of lipids. Lipid synthesis is believed to be important because it enables cells to expand their ER membranes, thereby providing a greater surface area for incoming proteins and also enabling misfolded proteins to be exported out of the ER in lipid vesicles. Because lipid biosynthesis consumes large amounts of energy, it is likely that activating this arm of the UPR is compromised in cells lacking sufficient energy stores.
The second ER-localized transmembrane protein involved in sensing misfolded proteins is ATF6 (13, 16) . Like IRE1, ATF6 remains inactive in its membrane-bound form, but in contrast to IRE1 biology, ATF6 activation results in its release from the ER and mobilization to the Golgi. Once at the Golgi complex, ATF6 undergoes proteolytic cleavage by sites 1 and 2 proteases to liberate its N-terminal fragment and allow this new, smaller protein to mobilize to the nucleus to perform its transcriptional activities. Among ATF6's known target genes are several key ER-resident proteins, including various chaperone proteins and isomerases as well as many of the same lipid biosynthesis enzymes activated by XBP1. It is likely that this redundancy in the ability to induce lipid synthesis was an important evolutionary advancement which ensured that cells could elongate their ER membrane through multiple mechanisms. However, this advancement also came with a cost in that chronically activating the UPR virtually ensures that already-stressed cells become even more significantly challenged. In some cases, this could theoretically cause cell death by contributing to mitochondrial exhaustion and the activation of cytochrome C-mediated apoptotic pathways.
The third and final arm of the UPR pathway is defined by the molecular sensor PERK, which, like IRE1, is an ER-resident transmembrane kinase (13, 16) . When activated upon sensing misfolded proteins, PERK oligomerizes and phosphorylates itself as well as eukaryotic translation initiation factor 2A (EIF2A). Phosphorylation of EIF2A inactivates this protein, thereby inhibiting the translation of many mRNA transcripts. As a result, PERK plays an essential role in decreasing ER stress through reducing the 
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influx of nascent proteins. Importantly, mRNAs that contain short open reading frames in their 59 untranslated regions are preferentially translated when EIF2A levels are reduced, including the transcription factor ATF4. This is important because ATF4's target genes include several proteins essential for amino acid transport, antioxidant defenses, and the biosynthesis of lipids. Notably, ATF4 also promotes the production of the CCAAT/enhancerbinding protein homologous protein transcription factor, which drives the expression of numerous apoptosis genes. Thus, PERK activation not only serves a protective role by reducing protein translation but also is capable of inducing deleterious effects on cells through its ability to cause death in situations when ER stress is prolonged or severe.
ER Stress in IPF
Arguably, one of the most important recent discoveries in the field of IPF is that mutations causing the misfolding of surfactant proteins have been linked to the development of disease. This association was first reported in 2001, when Nogee and colleagues identified a mutation in the C-terminal region of surfactant protein C (SPC), which tracked to the development of disease in several members of the same family (18, 19) . This mutation was found to cause the misfolding of SPC, thereby reducing export of the protein to the secretory pathway and causing retention within the ER lumen of AEII cells. Subsequently, other groups identified different SPC mutations as well as mutations in surfactant protein A2 that also resulted in protein misfolding and retention in the ER (20) . The identification of these different mutant proteins not only suggested that epithelial dysfunction might play an inciting role in this disease but also highlighted the fact that IPF shares pathological features with other age-related degenerative disorders, such as Parkinson's disease, Alzheimer's disease, and atherosclerosis, in which misfolded proteins are known to accumulate (21, 22) . Although it is now appreciated that mutations in surfactant proteins are found in only a small subset of patients with IPF, it is also appreciated that markers of ER stress are up-regulated in the alveolar epithelium of most, if not all, patients with the disease (7-9).
The Alveolar Epithelium in IPF Is a Challenging Environment for Maintaining ER Proteostasis
To date, in cases in which mutations in surfactant proteins have not been identified, the cause of ER stress in IPF remains unknown. Although it is possible that genetic mutations not yet identified contribute to protein misfolding in some cases, it seems equally plausible that protein aggregation results from other factors that compromise the ability of AEII cells to fold or unfold proteins. Recently, some groups have suggested that environmental factors such as viruses, cigarette smoke, and inhaled particulates might contribute to ER stress by activating inflammatory pathways that overwhelm the capacity of the alveolar epithelium to fold proteins. However, the fact that these common environmental insults do not lead to disease more frequently suggests, at the very least, that the ability of AEII cells to handle greater demand on their protein-folding machinery is compromised in the IPF lung.
Because age is a major risk factor for IPF, it has been suggested by various groups that aging might contribute to functional decline in the ability of AEII cells to maintain ER proteostasis. For example, it is known that production of some chaperone proteins declines with age in many tissues, suggesting that nonspecific hydrophobic interactions might be more likely to occur under these scenarios. Consistent with this, levels of the chaperone protein HSP70 have recently been shown to be reduced in the lungs of patients with IPF (23) . Alternatively, one other potential mechanism by which aging might contribute to protein accumulation is through a decline in metabolic health of AEII cells. This concept has recently been bolstered by data in various laboratories showing that mitochondrial function is impaired in the IPF lung. For example, Bueno and colleagues showed that large dysmorphic mitochondria accumulate in the lungs of patients with IPF (3). Furthermore, they went on to demonstrate that morphological and functional characteristics of mitochondria were also altered in the lungs of old mice and that these cellular changes in the mouse lung, and possibly the human IPF lung, resulted from a decrease in the expression of the mitophagy-associated protein phosphatase and tensin homolog-induced putative kinase 1, or PINK1 (3). Relevant to ER stress, mitochondrial dysfunction due to PINK1 deficiency was associated with an up-regulation in expression of ER stress markers, supporting the hypothesis that mitochondrial dysfunction can contribute directly to loss of proteostasis in the alveolar epithelium in some cases. Figure 1 
